The purpose of these experiments was to de termine the utility of a new method for monitoring CBF using a venous outflow technique with an extracorporeal circulation and to examine the effects of agents that po tentiate or antagonize the actions of adenosine on the blood flow response to brief periods of anoxia. The re sults demonstrate the ability of the new technique to de tect the increases in CBF in response to anoxia. Caffeine,
Summary: The purpose of these experiments was to de termine the utility of a new method for monitoring CBF using a venous outflow technique with an extracorporeal circulation and to examine the effects of agents that po tentiate or antagonize the actions of adenosine on the blood flow response to brief periods of anoxia. The re sults demonstrate the ability of the new technique to de tect the increases in CBF in response to anoxia. Caffeine, CBF is able to respond rapidly and appropriately to alterations in arterial blood pressure and brain metabolism. The mechanisms responsible for this autoregulation remain controversial, but a consid erable volume of evidence supports the hypothesis that adenosine plays a significant role in the regu lation of cerebral vascular tone. Adenosine is pro duced in the brain during hypoxia, ischemia, hy potension, and seizures (Berne et aI. , 1974; N ord strom et aI. , 1977; Winn et aI. , 1979 Winn et aI. , , 1980 Schrader et aI. , 1980) . When applied directly to ce rebral vessels, adenosine causes vasodilatation (Berne et aI. , 1974; Wahl and Kuschinsky, 1976) , though the effects of intraarterially perfused aden osine on CBF vary between species (Buyanski and Rapela, 1969; Berne et aI. , 1974; Heistad et aI. , 1981) . The frequent failure of intraarterial adeno sine to affect CBF may be a result of its inability to readily cross the blood-brain barrier (Berne et aI. , 1974) .
In this study, we have used a venous outt1ow technique to measure CBF and its response to brief periods of anoxia. The method for measuring CBF by cannulation of the retroglenoid (postglenoid) vein was initially described by Gjedde et al. (1975) and by Nilsson and colleagues (Nilsson and Siesjo, an adenosine antagonist, reduced the intensity and du ration of the anoxia-induced hyperemia. Dipyridamole and papaverine, inhibitors of adenosine uptake, poten tiated the increase in CBF during anoxia. The results support the hypothesis that adenosine plays an important role in regulating CBF during anoxic episodes. Key Words: Anoxia-Caffeine-Cerebral blood flow-Di pyridamole-Papaverine. Hardebo et aI. , 1979) . Winn et al. (1983) sub sequently adapted the technique for continuous re cording of CBF using an extracorporeal circulation with return of cerebral blood through a femoral vein. We have used this latter adaptation of the technique, which has the advantage of allowing for the continuous recording of a major fraction of the CBF over periods of several hours, during which time manipUlations of blood gases can be conducted in the presence or absence of pharmacological agents. The results of our study offer further evi dence that adenosine is an important regulator of CBF in animals challenged by anoxic episodes.
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METHODS
Preparation
CBF measurements were performed on male Sprague Dawley rats (Charles River) (weight 350-400 g). Anes thesia was induced with 2-3% halothane to allow trache otomy, and the animals were then maintained during sur gery on a mixture of nitrogen (70%), oxygen (30%), and methoxyflurane. Body temperature was maintained at 37°C by a heating pad controlled by a rectal probe. One femoral artery and one femoral vein were cannulated. The artery was used to record arterial blood pressure throughout the experiment and periodically to obtain small samples (0.3 m!) of arterial blood for pH and blood gas analysis. The femoral vein cannula was used to return cerebral venous blood to the animal. The animal was hep arinized (1 U/g weight).
The retroglenoid vein was exposed bilaterally after skin incisions and division of the temporalis muscles. A loose ligature was placed around the right retroglenoid vein on the postglenoid foramen side of the large facial and ret roauricular veins that empty into it (in a similar position to the ligature used for tying in the angiocatheter as shown in Fig. 1 ). The left retroglenoid vein was then ex posed and freed from the surrounding tissues. A ligature was tied into position to prevent reflux of venous blood into the transverse sinus from extracranial veins (Fig. 1) , and the small facial veins were coagulated. An angio catheter (Deseret, 22 gauge, 1 in) was carefully inserted into the retroglenoid vein and placed with its tip close to the postglenoid foramen through which the transverse sinus drains into this vein. The angiocatheter was then gently tied into place using 6-0 suture thread, and blood flow through the extracorporeal circuit was commenced.
Blood from the retroglenoid vein flowed through a drop counter into a small graduated collecting cyli11der (a 5-ml syringe) and then returned through an extracorporeal pathway with a roller pump to the femoral vein. The drop counter height was adjusted so that the opening of the drainage tube attached to the angiocatheter was level with the postglenoid foramen. The extracorporeal circuit was filled with blood from a second rat to prevent blood loss following cannulation of the retroglenoid vein. The tubing of the extracorporeal circuit was warmed with a heat lamp. Once flow through the extracorporeal circulation had started, the contralateral retroglenoid vein was oc cluded by tying off the previously placed ligature. This ensured that the venous blood from the transverse sinus now drained through the angiocatheter and prevented contamination by extracranial blood from the contralat eral side of the head. The animal was administered pan curonium bromide (Pavulon®, 1 mg!kg), connected to a ventilator, and respired at a frequency of 60-80 strokes! min with a variable gas mixture of methoxyflurane (0.2%) in 30-40% oxygen and nitrogen. A period of � 20 min was allowed for blood pressure and blood gases to sta bilize. Mean arterial blood pressure was between 105 and 130 mm Hg. The mean values for blood gases in all 16 animals were P.o2 120.9 ± 7.5 mm Hg and Paco2 42.5 ± 2.9 mm Hg, with a pH of 7.33 ± 0.2. Additional doses of heparin and pancuronium bromide were administered as required.
Drop rate and arterial blood pressure were recorded on a Grass polygraph, together with a tachographic re cording of drop rate (used to obtain a rapid visualization of changes in flow rate). Actual flow rates were measured from the drop counter records. The total time required for animal preparation was �60-90 min.
Following stabilization, the animals were administered a series of challenges. Oxygen flow was occluded for pe riods of between 36 and 45 s, with the duration of anoxic episodes remaining constant for a particular animal. At the same time, the nitrogen concentration was increased to 100%, so that total flow remained constant. In this way, animals were rendered anoxic, without any accompa nying hypercapnia. The "dead space" in the respiratory circuit (anesthetic jar and plastic tubing) required � 15 s for flushing. Blood gas measurements at the end of the anoxic challenge indicated that P.o2 fell to �35-40 mm Hg, while Paco2 remained constant. A standard interval of 15 min was allowed between anoxic challenges.
Data analysis
The data obtained in these experiments on the effects of anoxic challenges are expressed as the percentage change in CBF and as the time to recovery. Baseline flow rates were measured as the number of drops occurring in the minute preceding the anoxic challenge. Owing to the dead space in the inspiratory system, there was a delay of � 15 s. before the animals started to respond to the anoxic challenge. Thus, the start of the anoxic challenge was defined as that point at which there was a change either in arterial blood pressure or in CBF. Peak flow rate represents the rate of flow during either the first or second half of the period of anoxia, using the larger figure. The percentage increase in CBF presented in Figs. 4, 5, and 7 was calculated from the following formula: % increase = peak flow rate -7 baseline flow rate.
Recovery time represents the time from the end of the anoxic challenge until the flow rate either returned to preanoxic challenge levels or until a new stable baseline flow rate was established.
In evaluating the effects of caffeine, papaverine, and dipyridamole on CBF during anoxia, the response to an oxia immediately preceding drug injection into the fem oral vein was used as a control and the response to the first anoxic episode following drug administration (1 0 min post drug) was used to observe the effects of the drug. An analysis of variance, with drug condition as a within subject factor, was performed on both the percentage in crease in CBF and the time to recovery for each drug. Post hoc comparisons also were performed between con trol data and results at each dosage using Student's t test for within-subject data. Results are presented as means ± SEM.
RESULTS
Flow rates and linearity of drop formation
The relationship between drop rate and blood flow rate was tested in six animals by monitoring the number of drops and simultaneously measuring the flow volume. The data presented in Fig. 2 show that for drop rates of between 10 and 37 drops/min, there was a linear relationship between rate and flow/min. This range spans most of the drop rates observed during these experiments, other than during the anoxia-induced increases in flow.
Experimentally, using blood flows generated ar tificially by the roller pump, it was possible to show that the linear relationship between drop rate and flow rate holds for drop rates as high as 200 drops/ mm. U sing data obtained from the 16 rats in this series, it can be estimated that resting flow rates from the transverse sinus are in the range of 26. 2 ± 2.6 drops/min, or 0. 62 mllmin (from Fig. 2 ).
Responses to anoxic challenge
Figures 3A and SA illustrate the sequence of re sponses to an anoxic challenge in two rats. The ef fects of a brief period of anoxia on arterial blood pressure varied from animal to animal, although they were relatively reproducible in a given animal. A frequent pattern of response was a series of in creases and decreases in arterial pressure, often culminating with a brief fall in blood pressure at the end of the period of anoxia.
Drop rate increased rapidly, coincident with the onset of alteration in arterial pressure, and declined slowly following the cessation of anoxia. The per centage increases in flow rate and the recovery times were related to the duration of the anoxic episode. This can be observed in a comparison of the control responses in Figs. 4, 6, and 7 . The an oxia control responses in animals to be treated with caffeine were all obtained during anoxic episodes of 42-or 4S-s duration. (A pronounced response to anoxia was desirable to demonstrate antagonism with caffeine, an adenosine antagonist. ) The con trols for experiments with dipyridamole and papav erine showed less pronounced increases in CBF and duration. The anoxic episodes used to generate these were of shorter duration (36 s) to obtain sub maximal responses that could be potentiated by the adenosine uptake inhibitors. The data presented in Figs. 4, 6, and 7 show that peak flow rates in the transverse sinus were doubled during transient anoxic episodes. Consecutive mea surements in the same condition were consistent.
Caffeine
Caffeine was administered intravenously to six animals. Its effects on arterial blood pressure were complex, in that there was an initial fall in pressure followed by a small increase. Each animal was chal lenged twice with 100% nitrogen for 42 or 4S s at IS-min intervals, and then treated with 20 mg/kg caffeine. After two more anoxic episodes, a further 40 mg/kg was administered (total 60 mg/kg).
Caffeine did not alter flow rates in the normoxic rat ( Fig. 3A and B) , but decreased the percentage DROP S \I\I\mIl'lWiI'l'III II I @WI I_IlI I�lm\ \QI.I�I\ \� �l�I(� ��(IWI«� \i«� 1\1\', \\I'I' I 'I 'I \II\lil\i' l \iil\' I 'I I'li' lil�\mmil\WI\I \M1\ \WI @\\@I' l liIlllil\II\\lilil' l lli\' I \tll\\\\ lli\\\ 1min peak increase in flow rates above basal during ni trogen breathing from 212.9 ± 20.2% (control in crease) to 183.4 ± 22.2% (20 mg/kg) to 15 1.4 ± 15.8% (60 mg/kg) [F (2, 10) = 4. 13, p < 0.05; see Fig. 4 ]. The difference between the control and the 20-mg/kg treatment group was not quite significant (p = 0. 07), but the difference between the control and the 40-mg/kg group was significant (p = 0. 0 1). Time to return to the preanoxia flow rate showed an even more dramatic diminution of response [F (2, 10) = 9. 95, p < 0.01; see Fig. 4 , bottom]: 313 ± 48. 9 (control), 214 ± 57. 5 (20 mg/kg), and 120 ± 17.4 (60 mg/kg) s. Comparison between conditions revealed a very significant difference between the control and both the 20-mg/kg (p < 0. 0 1) and 40mg/kg (p < 0. 01) drug groups.
Dipyridamole
Five animals received dipyridamole intrave nously at two doses of 0. 1 mg/kg (total dose 0. 2 kg). It did not alter mean arterial pressure. The anoxic challenge for these animals was reduced in duration to 36 s. Dipyridamole did not alter flow rates in the normoxic animals ( Fig. 5 ), but did increase both the peak flow and the recovery time when animals were exposed to an anoxic episode. Peak flow measured during nitrogen breathing increased from 134. 2 ± 13. 2% (control) to 160. 4 ± 18.2% (0. 1 mg/kg) to 19 1 ± 21.4% (0. 2 mg/kg) of the resting state [F (2,8) = 7. 92, p = 0. 02]. The control and O. I-mg/kg groups were marginally different (p = 0. 04), whereas the difference between the control and 0.2-mg/kg groups was highly significant (p = 0. 0 15).
Recovery times following an anoxic episode were also dramatically increased by dipyridamole (Fig.  6 ). Times to return to the preanoxic state observed in the treatment groups were 150. 8 ± 27. 1 (control), 272 ± 68. 6 (0. 1 mg/kg), and 306. 8 ± 21.1 (0. 2 mg/ kg) s [F (2,8) = 6.29, p = 0. 03]. The difference between the control and the O. I-mg/kg condition was marginally significant (p = 0. 05) and between the control and the 0.2-mg/kg condition highly sig nificant (p < 0. 0 1).
Papaverine
Again, there was no change in arterial blood pres sure or in cerebral flow rates in the normoxic ani- mals when papaverine was administered intrave nously to five animals in two doses of 0. 5 mg/kg (total dose 1. 0 mg/kg). CBF rates during anoxia were enhanced. Peak flows were altered in an in cremental pattern: 189. 2 ± 29.7% (control), 197. 5 ± 24. 1% (0. 5 mg/kg), and 232. 2 ± 26. 9% (1.0 mg/ kg) of resting rate [F (2,8) = 5.79, p = 0. 04]. The difference between control and drug conditions was significant only at the 1. 0-mg/kg treatment level (p < 0. 05). Prolonged recovery periods were observed in the treatment groups: 135 ± 42. 2 (control), 204 ± 40. 1 (0. 5 mg/kg), and 333. 6 ± 74. 6 0. 0 mg/kg) [F (2,8) = 11. 37, p < 0. 01] (Fig. 7) . The difference between the control and both drug conditions was D ROPS 111111111111111111111111111111 11111111 1 1111111 111111111111111111111111111111111111 1IIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIW II I IWIIWlI�1 11 11 1111 11 11 11 11 11 11 11 11 11 11 1 1111111111111111111111111111I11I11I IIIIIIIIIIIilili highly significant (p < 0. 0 1). The effects of papav erine were antagonized by caffeine (20 mg/kg).
DISCUSSION
The retroglenoid vein forms the extracranial con tinuation of the transverse and sigmoid sinuses of the cerebral venous drainage system in the rat. It drains the venous outflow from much of the fore brain and a significant portion of the cerebellum and brainstem. Thus, blood from the postglenoid vein represents mixed cerebral venous blood. Blood in the sigmoid sinus is drained predominantly via the vertebral venous system, which therefore can act as a shunt for blood emerging through the postgle noid foramen.
Extracerebral contamination of the cerebral blood emerging from the transverse sinus was pre vented by occlusion of the contralateral sinus and ligation or cauterization of all ipsilateral veins emp tying into the retroglenoid vein.
The mean basal flow rate, for the rats used in these experiments was 26.2 ± 2.6 drops/min, which J Cereb Blood Flow Metabol, Vol. 4, No. 4, 1984 represents a flow rate of -0.62 mllmin (Fig, 2) . As the mean brain weight for six representative rats in this series was 2. 0 ± 0. 03 g, the flow rate per unit weight was 31 mlllOO g/min. Using other methods of measurement, rat whole-brain blood flows of 50-106 mlllOO g/min have been calculated (Sapirstein and Hanusek, 1958; Eklof and Siesj6, 1973; Goldman and Sapirstein, 1973; Gjedde et aI., 1975) . The flows observed through the retroglenoid vein in the present experiments therefore represent -30-60% of the total CBF. The significant findings of this study are that a brief episode of anoxia leads to an increase in CBF that can be potentiated by dipyridamole and papav erine and reversed by caffeine. Increases in CBF in response to anoxia have been reported in other spe cies (Kuschinsky and Wahl, 1978; Emerson and Raymond, 198 1) and the rat (Winn et aI., 1983) . The extent of the increase in CBF in our experiments was proportional to the duration of the anoxic epi sode. Longer challenges (42-45 s, caffeine con trols; Fig. 4 ) resulted in greater increases in flow and more protracted recovery times than did the 36-s exposures used in the dipyridamole and papav erine experiments.
The adenosine antagonist caffeine reduced the cerebral hyperemia during anoxia and accelerated the recovery of CBF to control rates. Caffeine was used in our experiments in preference to theoph ylline, a more effective antagonist in binding studies, for two primary reasons. Caffeine pene trates the blood-brain barrier more readily than theophylline (Sattin, 197 1) , and it is also the meth ylxanthine found in the highest quantities in popular beverages, such as cola, tea, and coffee, as well as in a number of medications. The observation that caffeine reduces the degree of cerebral hyperemia during anoxia suggests that at least part of the in creased CBF is due to adenosine release in the brain. The failure of caffeine to completely reverse the cerebral hyperemia may indicate either that the concentration was inadequate to completely antag onize the amounts of adenosine liberated or alter natively that other vasoactive substances are in volved in the hyperemic response. One likely alter native candidate is the potassium ion, the concentrations of which are known to increase in the cerebrospinal fluid during cerebral hypoxia (Morris, 1974; Kirshner et al., 1975) . K + causes a dilatation of pial blood vessels when applied topi cally (Kuschinsky and Wahl, 1978) . Caffeine did not alter basal cerebral flow rates, suggesting that aden osine is not an important factor in the regulation of cerebral blood vessel tone in the normoxic brain.
Further support for the hypothesis that adenosine is responsible for the regulation of CBF in the hy poxic brain (Berne et al., 1974; Winn et al., 1979) was forthcoming from the experiments with dipyr idamole and papaverine. Both agents are potent in hibitors of adenosine uptake into rat brain synap tosomes and microvessels . Neither agent increased CBF in the normoxic brain, confirming the above suggestion that vascular tone under such conditions is not significantly affected by adenosine. Papav erine and especially dipyridamole enhanced both the increase in flow rate and the duration of the hyperemic response to an anoxic challenge. The ef fects of adenosine uptake inhibitors on the cerebral vascular response to anoxia have not previously been reported, but intracarotid injections of dipyr idamole have been reported to enhance CBF in the rabbit (Heistad et al., 198 1) . Evidence that this was due to enhancement of adenosine levels was ob tained in experiments in which the effects of dipyr idamole were blocked by adenosine deaminase, which converts adenosine into its less active me tabolite inosine.
Papaverine has been tested for its effects on the cerebral circulation in humans. Administered intra venously in doses of 0.2 g to 18 patients, it caused a mean 13% increase in CBF (Jayne et al., 1952) . This dose is comparable with those used in the present experiments. Beneficial effects of papav erine have been reported in cases of cerebrovas cular disease due to various causes, which may have been because of its effects on CBF (Russek and Zohman, 1948; Cook and James, 1981) .
The results presented in this report add further support to the hypothesis that adenosine is an im portant regulator of vascular tone in the hypoxic brain. Adenosine is produced in the brain during hypoxia and ischemia (Berne et al., 1974; Winn et aI., 1979) and is released into the cerebrospinal fluid and extracellular spaces. Extracellular levels of adenosine in the striatum of normoxic rats are � 1 fLM, and increase substantially during hypoxia (to >4 fLM) (Zetterstrom et aI., 1982) . The threshold for adenosine's relaxant effects on vascular smooth muscle lies at � 1 fLM (Berne et aI., 1983) , and it can therefore be speculated that adenosine plays only a minor role in the regulation of CBF in the normoxic brain. With hypoxia or ischemia, adeno sine levels in the extracellular space rise, with vas cular dilatation as a consequence. The antagonism by caffeine of the increase in CBF during anoxic episodes reported in this study is consistent with the adenosine hypothesis, as are the potentiating effects of the adenosine uptake inhibitors dipyrida mole and papaverine. The results with dipyridamole (Persantin) are particularly striking and indicate that this agent may be a valuable adjunct in the treat ment of cases of local or generalized cerebral vas cular inadequacy. Conversely, the use of caffeine containing beverages by individuals with cerebral vascular problems should be avoided.
Finally, the data in this report demonstrate the utility of a new venous outflow technique for the continuous monitoring of CBF rates over periods of several hours. The method, which involves the use of an extracorporeal circulation, has enabled further information to be obtained about the effects of anoxia on CBF and about the role of adenosine in the generation of hypoxic hyperemia.
